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Abstract
Objective: Insulin sensitivity is lower in African American (AA) versus 
Caucasian American (CA). We tested the hypothesis that lower insulin sensitivity 
in AA could be explained by mitochondrial respiratory rates, coupling efficiency, 
myofiber composition, or H2O2 emission. A secondary aim was to determine 
whether sex affected the results.
Methods: AA and CA men and women, 19–45 years, BMI 17–43 kg m2, were as-
sessed for insulin sensitivity (SIClamp) using a euglycemic clamp at 120 mU/m2/
min, muscle mitochondrial function using high-resolution respirometry, H2O2 
emission using amplex red, and % myofiber composition.
Results: SIClamp was greater in CA (p < 0.01) and women (p < 0.01). Proportion 
of type I myofibers was lower in AA (p < 0.01). Mitochondrial respiratory rates, 
coupling efficiency, and H2O2 production did not differ with race. Mitochondrial 
function was positively associated with insulin sensitivity in women but not men. 
Statistical adjustment for mitochondrial function, H2O2 production, or fiber com-
position did not eliminate the race difference in SIClamp.
Conclusion: Neither mitochondrial respiratory rates, coupling efficiency, my-
ofiber composition, nor mitochondrial reactive oxygen species production 
explained lower SIClamp in AA compared to CA. The source of lower insulin sen-
sitivity in AA may be due to other aspects of skeletal muscle that have yet to be 
identified.
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1   |   INTRODUCTION

Diabetes is the seventh leading cause of death in the 
United States and is expected to impact over 350 million 
people worldwide by 2030 (Wild et al., 2004). African 
Americans (AA) have consistently been shown to have 
higher rates of type 2 diabetes, lower insulin sensitivity, 
higher risk of diabetes complications, and higher overall 
mortality rates compared to Caucasian American (CA) 
counterparts (Beebe-Dimmer et al., 2019; Hasson et al., 
2015). To date, common risk factors such as obesity, vis-
ceral fat, socioeconomic status, and blood lipids have not 
been able to explain these differences in type 2 diabetes 
(T2D) risk (Albu et al., 1997; Egede et al., 2010; Hasson 
et al., 2015; O'Brien et al., 1989). However, lower insulin 
sensitivity in AA women can be statistically explained by 
skeletal muscle volume and lipid infiltration (Albu et al., 
2005), suggesting that some aspect of muscle quality or 
composition is responsible. One possible component of 
skeletal muscle that may contribute to this observation is 
mitochondrial function.

Mitochondrial dysfunction has been linked to lower 
insulin sensitivity (Befroy et al., 2007; Lowell & Shulman, 
2005). Recent evidence has shown potential differences 
in mitochondrial biology between AA and CA men and 
women. For example, DeLany et al. (2014) found lower 
mitochondrial oxidative capacity in nonobese AA women 
compared to nonobese CA women, and that lower insulin 
sensitivity was associated with reduced mitochondrial ox-
idative capacity in the entire cohort. While it remains to be 
determined if mitochondrial phenotypic differences can 
explain the racial disparity for T2D risk, a number of other 
physiological observations associated with mitochondrial 
function have been widely reported in the literature. For 
example, it has been shown that AA women have lower 
resting energy expenditure (Albu et al., 1997; Jakicic & 
Wing, 1998), reduced skeletal muscle fatty acid oxidation 
(Privette et al., 2003), lower maximal aerobic capacity 
(Hunter et al., 2000), and are more efficient during aero-
bic exercise compared to CA counterparts (Hunter et al., 
2011; McCarthy et al., 2006). Reasons for these differences 
have been linked to differences in mitochondrial respira-
tion, uncoupling protein 3 (UCP3) gene expression, and 
skeletal muscle myofiber composition (Ama et al., 1986; 
DeLany et al., 2014; Kimm et al., 2002; Tanner et al., 2002; 
Toledo et al., 2018). Therefore, it is plausible that ethnic 
differences in insulin sensitivity between AA and CA 
may be explained at least in part by differences in skeletal 
muscle mitochondrial function, myofiber composition, or 
downstream consequences of mitochondrial dysfunction.

To date, studies that have assessed the potential role 
of mitochondrial dysfunction and T2D risk have only in-
cluded cohorts of women (DeLany et al., 2014; Kimm et al., 

2002; Toledo et al., 2018). Whether these differences are 
sex-specific remains to be determined. This is an import-
ant question given that differences in metabolism, fuel uti-
lization, and insulin sensitivity have often been observed 
between men and women. For example, women have con-
sistently been shown to have higher fatty acid oxidation 
rates during exercise compared to men (Lundsgaard & 
Kiens, 2014), and greater mitochondrial density in some 
(Montero et al., 2018) but not all studies (Tarnopolsky 
et al., 2007). Furthermore, it has consistently been shown 
in the literature that insulin resistance is more prevalent 
in men compared to premenopausal women (Lundsgaard 
& Kiens, 2014; Munguía-Miranda et al., 2009) and that 
women appear to have higher rates of skeletal muscle glu-
cose uptake relative to men (Kuhl et al., 2005; Paula et al., 
1990). Thus, it is important to consider potential sex dif-
ferences when trying to identify factors that explain the 
racial disparities in insulin sensitivity.

The primary objective of this study was to test the 
hypothesis that clamp-derived, skeletal muscle-specific, 
and insulin sensitivity (SIClamp) would be significantly 
lower in AA compared to CA men and women, and that 
lower SIClamp in AA could be explained by differences 
in mitochondrial respiratory rates, coupling efficiency, 
skeletal muscle myofiber composition, or mitochondrial 
reactive oxygen species production (H2O2 emission). A 
secondary aim was to determine whether the results 
were consistent in men and women by testing relevant 
interaction terms.

2   |   METHODS

2.1  |  Study design, setting, and 
participants

This cross-sectional study was conducted at the University 
of Alabama at Birmingham (UAB), between 2013 and 
2018. One hundred and thirteen lean, overweight and 
obese AA and CA men and women, aged 19–45  years, 
who were sedentary to moderately active (<2 h/week of 
moderate, intentional, exercise) were recruited by pub-
lic advertisement. A subset of 42 individuals in which 
all skeletal muscle, endocrine, body composition, and 
physiological assessments were completed and included 
for analysis in this manuscript. Individuals with diabetes 
were excluded from participation following a screening 
75  g oral-glucose-tolerance test (2  h glucose ≥200  mg/
dl). Other exclusion criteria included absence of regular 
menstrual cycle; pregnant, lactating or postmenopausal; 
smoking; not weight stable (change in weight >5 lbs.) in 
the previous 6 months; active engagement in unusual di-
etary practices (e.g., low-carbohydrate diets); taking oral 
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contraceptives; use of any medication known to affect 
carbohydrate or lipid metabolism, or energy expenditure; 
and use of antihypertensive agents that affect glucose 
tolerance (e.g., thiazide diuretics at doses >25  mg/days, 
angiotensin-converting-enzyme inhibitors). Participants 
were instructed to maintain their usual activity level, to 
avoid strenuous physical activity the day prior to testing, 
and to avoid all physical activity on the morning of testing. 
Women were tested 3–7 days after cessation of menstrua-
tion, while in the follicular phase of the menstrual cycle. 
All study assessments were conducted at the core facili-
ties of the Center for Clinical and Translational Science 
(CCTS), Nutrition Obesity Research Center (NORC), and 
Diabetes Research Center (DRC). The UAB Institutional 
Review Board approved the study and all participants pro-
vided written informed consent.

2.2  |  Body composition

Body composition was assessed during the screening visit 
by total body scan from dual-energy X-ray absorptiometry 
(DXA) using a GE Lunar iDXA densitometer and Core 
Scan software (encore 15 [SPT]) GE Lunar Corporation. 
Participants were scanned in light clothing lying supine 
with arm at their sides. The scans were assessed for % fat, 
total body fat mass, and total lean mass.

2.3  |  Insulin sensitivity assessed by the 
hyperinsulinemic-euglycemic glucose 
clamp (SIClamp)

Skeletal muscle insulin sensitivity normalized to lean 
mass (SIClamp) was assessed using the hyperinsulinemic-
euglycemic clamp. All SIClamp tests were performed out-
patient in the Clinical Research Unit (CRU) at UAB’s 
CCTS after a ≥10 h overnight fast. With the participant in 
a recumbent position, an intravenous catheter was placed 
in an antecubital vein for insulin and glucose infusion. 
The insulin solution (regular Humulin, Eli Lilly & Co.) 
was prepared with normal saline and infused at 120 mU/
m2/min for 3 h using an Alaris PC unit with Guardrails 
software (Carefusion Corp.). This dose of insulin, in a 
healthy, nondiabetic population, ensures that the glucose 
infusion rate reflects primarily skeletal muscle glucose 
uptake. Infusion of 20% dextrose was adjusted to maintain 
the blood glucose concentration at the individual's fast-
ing level. Another catheter was placed in the contralat-
eral arm for bedside measurement of blood glucose every 
5-min using a glucose analyzer (YSI 2300 STAT Plus, YSI, 
Inc.), and for blood sampling every 10-min for later de-
termination of serum glucose and insulin concentrations. 

The steady state period for each individual was defined 
as a ≥30-min period that occurred ≥1  h after initiation 
of the insulin infusion, during which the coefficients of 
variation for blood glucose, serum insulin, and glucose 
infusion rate were less than 5%. Sera were analyzed for 
glucose (SIRRUS analyzer, Stanbio Laboratories) and 
insulin (TOSOH AIA-II immunoassay analyzer, TOSCH 
Corp.) concentrations in the Core Laboratory of UAB’s 
Diabetes Research Center. The intra- and inter-assay co-
efficients of variation for serum glucose and insulin con-
centrations were 1.28% and 2.48%, and 1.49% and 3.95%, 
respectively.

SIClamp (10−4  dl.  kg−1  min−1/(μU/ml)) was defined as 
M/(G x ΔI), where M is the steady state glucose infusion 
rate (mg/kg lean mass/min), G is the steady state serum 
glucose concentration (mg/dl), and ΔI is the difference be-
tween basal and steady state serum insulin concentrations 
(μU/ml).

2.4  |  Muscle biopsies

Muscle biopsies were collected from a sub-group of 
participants (n = 42). Skeletal muscle samples were ob-
tained from the vastus lateralis under local anesthesia 
(1% lidocaine) using a 5-mm Bergstrom biopsy needle 
with suction. The tissue was cleaned of adipose and con-
nective tissue. A bundle of approximately 20 mg was se-
lected for mitochondrial experiments and transported in 
Buffer X (50  mM K-MES, 7.23  mM K2EGTA, 2.77  mM 
CaK2EGTA, 20  mM imidazole, 0.5  mM dithiothreitol, 
20 mM taurine, 5.7 mM ATP, 14.3 mM phosphocreatine, 
and 6.56 mM MgCl2 [pH 7.1, 290 mOsm]) on ice (Perry 
et al., 2011). Portions used for immunohistochemistry 
were mounted cross-sectionally on cork in optimum cut-
ting temperature mounting medium mixed with traga-
canth gum, frozen in liquid nitrogen-cooled isopentane, 
and stored at −80°C.

2.5  |  Preparation of permeabilized 
muscle fiber bundles

This technique has been adapted from previously pub-
lished methods (Warren et al., 2017). The biopsied tis-
sue was dissected into several smaller muscle bundles (of 
approximately 1.0–5.0 mg wet weight). Each bundle was 
gently separated longitudinally with a pair of antimag-
netic needle-tipped forceps under magnification in Buffer 
X. Bundles were weighed and then treated with 30  µg/
ml saponin in Buffer X on a rotator for 30  min at 4℃. 
Next, the tissue bundles were washed for 15 min in Buffer 
Z (105  mM K-MES, 30  mM KCl, 1  mM EGTA, 10  mM 
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K2HPO4, 5  mM MgCl2, 5  µM glutamate, 2  µM malate, 
and 5.0  mg/ml BSA (pH 7.4, 290  mOsm)). Finally, the 
samples were transferred to Buffer Z supplemented with 
5 µM blebbistatin and 20 mM creatine hydrate for 10 min 
prior to experiments. Blebbistatin was present during all 
respirometry and H2O2 experiments to prevent contrac-
tion of the myofibers (Perry et al., 2011).

2.6  |  Mitochondrial respiration

High-resolution respirometry experiments were per-
formed using an Oxygraph O2K (Oroboros Instruments, 
Innsbruck, Austria) containing 2  ml of Buffer Z with 
5  µM blebbistatin and 20  mM creatine hydrate, con-
stantly stirred at 37℃ under conditions of O2 saturation, 
containing a prepared permeabilized fiber bundle of ap-
proximately 3.0–5.0  mg. Two substrate protocols were 
used: 9  mM pyruvate, 4  mM malate, and 2.5  mM suc-
cinate (PMS) to drive convergent electron input to com-
plexes I and II of the ETS or 40 μM palmitoyl carnitine 
and 2 mM malate (PCM) to examine mitochondrial fatty 
acid oxidation. State 3 in each substrate condition was 
measured after the addition of 1 mM ADP. Cytochrome 
c (10 μM) was added to assess the mitochondrial mem-
brane integrity. There was no significant difference in 
State 3 respiration assessed after cytochrome c addition. 
State 4 was induced by the addition of 2 μg/ml oligomy-
cin. Oxygen flux was normalized to the wet weight of 
each fiber bundle taken prior to experiments (Pesta & 
Gnaiger, 2012). The respiratory control ratio (RCR) was 
calculated as State 3/State 4, providing a measure of mi-
tochondrial coupling.

2.7  |  H2O2 quantification

Using a permeabilized fiber bundle of approximately 1.0–
1.5  mg, H2O2 emission was measured fluorometrically 
at 37℃ in Buffer Z containing 5 µM blebbistatin, 20 mM 
creatine hydrate, 10 µM Amplex Ultra Red, and 3 U/ml 
horseradish peroxidase. Oxidation of Amplex Ultra Red to 
resorufin was monitored using a Fluoromate SF-2 spectro-
fluorometer (SCINCO, Seoul, South Korea) with tempera-
ture control and magnetic stirring at more than 1000 rpm 
detecting at excitation/emission λ  =  568/581  nm. For 
each experiment, resorufin fluorescence was converted to 
pmol H2O2 via an H2O2 standard curve generated under 
identical substrate conditions with the exception of the 
permeabilized fiber bundles. H2O2 emission during cou-
pled respiration (State 3) was measured after the addition 
of 9 mM pyruvate, 4 mM malate, 2.5 mM succinate, and 
1 mM ADP. H2O2 emission during uncoupled respiration 

(State 4) was measured after the addition of 2 μg/ml oligo-
mycin. H2O2 emission was normalized to the wet weight 
of the fiber bundle taken prior to each experiment. Not 
all muscle samples yielded measurable H2O2; thus data 
are reported for only those samples with measurable data 
(n = 30).

2.8  |  Myofiber type distribution

All visible connective and adipose tissues were removed 
from the biopsy samples with the aid of a dissecting mi-
croscope. Portions used for immunohistochemistry were 
mounted cross-sectionally on cork in optimum cutting 
temperature mounting medium mixed with tragacanth 
gum, frozen in liquid nitrogen-cooled isopentane, and 
stored at −80℃. The relative distribution of myofiber 
types I, IIa, and IIx was determined by myosin heavy 
chain immunohistochemistry using our well-established 
protocol (Kim et al., 2005).

2.9  |  VO2 during submaximal 
treadmill exercise

During a separate test day, participants came to the labora-
tory and performed a treadmill walking test following an 
overnight fast. This test consisted of walking on a tread-
mill for 4 min at 2.5 and 3 mph submaximal VO2 and heart 
rate were obtained during steady state exercise in the third 
and fourth minute for each speed. These data were ob-
tained to compare economy at the whole-body level with 
coupling efficiency within skeletal muscle mitochondria.

2.10  |  Statistical analyses

All statistical analyses were conducted using SPSS 
Statistics for Macintosh Version 22.0 (IBM Corp.). 
Descriptive statistics and primary outcome variables are 
reported by race and gender as mean ± standard devia-
tion. A univariate ANOVA was used to compare race, 
sex, and race x sex interactions for SIClamp, body compo-
sition, blood lipids, blood pressure, mitochondrial res-
piratory rates, H2O2 emission, and myofiber composition. 
When significant interactions were observed, Bonferroni 
pairwise comparisons were used to compare differences 
between race and sex. Pearson correlation coefficients 
were used to examine associations among variables. 
Correlations were examined in all participants combined, 
and by sex or race when interactions were observed. A 
one-way ANCOVA was performed to determine if ob-
served race and sex differences in SIClamp persisted when 
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controlling for differences in H2O2 emission. Because % 
type I myofiber differed with race, this variable was also 
included in the final ANCOVA.

3   |   RESULTS

3.1  |  Anthropometric and metabolic 
measurements

Descriptive characteristics of the study population are 
presented in Table 1 by race and sex. There were no dif-
ferences in age between AA and CA or between men 
and women. AA had significantly greater lean mass 
and systolic blood pressure compared to CA (p < 0.01), 
whereas SIClamp was significantly lower in AA com-
pared to CA (p  <  0.01). Women had significantly 
greater %body fat, SIClamp, and HDL-C compared to men 
(p < 0.05), whereas lean mass, and systolic blood pres-
sure were significantly lower in women compared to 
men (p < 0.05).

Insulin sensitivity data from the hyperinsulinemic-
euglycemic clamp based on race, sex, and race*sex are 
presented in Figure 1. There were significant main effects 

of sex and race, with insulin sensitivity being greater in 
women (p < 0.01) and CA (p < 0.01). No race*sex interac-
tion was observed.

3.2  |  Skeletal muscle, mitochondrial 
respirometry, and H2O2 production

Skeletal muscle myofiber composition is presented 
in Figure 2 by race and sex. A significant main effect 
of race was observed such that Type I myofiber com-
position was significantly greater in CA compared to 
AA (p < 0.01). No significant sex differences were ob-
served. Additionally, there were no significant race or 
sex interactions observed for either type IIa or IIx my-
ofiber composition. Mitochondrial State 3 and State 4 
respiratory rates are shown in Figure 3a,b. No signifi-
cant differences between race or sex were observed 
for State 3- (p = 0.426; p = 0.985), State 4-respiration 
(p = 0.504; p = 0.360) or the RCR (p = 0.493; p = 0.886) 
supported by PMS or PC. Skeletal muscle ROS pro-
duction for the sub-sample is presented in Figure 
4. H2O2 emission during State 3 and State 4 respira-
tion supported by malate, pyruvate, and succinate 

T A B L E  1   Main effect and interactions between race and sex on age, body composition, insulin sensitivity, glycaemia, and other 
cardiovascular disease risk factors

Men (n =18) Women (n = 24) Race Sex Race*Sex

CA (n = 8) AA (n = 10) CA (n = 9)
AA 
(n = 15) p p p

Age (years) 30 (9) 28 (9) 28 (7) 31 (8) 0.477 0.892 0.531

BMI (kg m2) 28 (5) 25 (3) 25 (3) 25 (2) 0.217 0.955 0.804

Fat mass (kg) 20 (8) 29 (12) 27 (9) 29 (12) 0.24 0.181 0.545

Body fat (%) 26 (8) 27 (11) 36 (8) 36 (8) 0.891 <0.001 0.705

Lean mass (kg) 55 (7) 63 (8) 42 (3) 45 (5) <0.01 <0.001 0.137

SI Clamp lean mass (10−4 kg min−1/
(μU/ml)

6.9 (2.9) 3.9 (1.5) 9.0 (3.4) 5.7 (2.2) <0.003 <0.001 0.541

Fasting glucose (mg/dl) 85.4 (8.6) 92.2 (12.9) 88.8 (9.9) 87.8 (5.5) 0.502 0.839 0.181

Fasting insulin (μU/ml) 5.7 (3.4) 13.9 (21.4) 6.9 (2.9) 7.6 (2.4) 0.442 0.455 0.281

Total cholesterol (mg/dl) 164.9 (31.7) 167.6 (32.5) 160.8 (27.0) 177.5 
(25.1)

0.524 0.744 0.439

Triglycerides (mg/dl) 90.6 (39.2) 112.2 (125.1) 72.3 (21.6) 52.9 (13.3) 0.999 0.067 0.327

HDL (mg/d) 55.1 (8.9) 52.3 (7.2) 62.7 (12.0) 63.2 (8.1) 0.686 0.002 0.542

LDL (mg/d) 91.6 (25.3) 91.4 (15.4) 83.6 (24.4) 103.7 
(23.1)

0.157 0.753 0.147

SBP (mmHg) 116 (13) 125 (10) 108 (4) 117 (13) 0.012 0.016 0.878

DBP (mmHg) 67 (8) 70 (9) 66 (8) 68 (10) 0.25 0.46 0.85

Abbreviations: AA, African-Americans; DBP, Diastolic Blood Pressure; EA, Caucasian-Americans; HDL, High-density lipoprotein cholesterol; LDL, 
Low-density lipoprotein cholesterol; SBP, Systolic Blood Pressure; SIClamp, Lean mass, skeletal muscle insulin sensitivity assessed by the hyperinsulinemic-
euglycemic glucose clamp and adjusted for total lean mass.
Analyses by univariate ANOVA. Data are unadjusted means (SD).
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were significantly higher in women compared to men 
(p < 0.05). The main effect of race was not significant.

3.3  |  VO2 responses during 
treadmill walking

The VO2 responses are shown in Figure 5. There were 
significant sex effects for VO2 during 2.5  mph treadmill 
walking (p < 0.05). VO2 was significantly lower in women 
compared to men. (p < 0.05).

No main effects of race were observed. There were no 
significant associations between submaximal walking 
VO2 and mitochondrial respiratory rates.

3.4  |  Associations between 
insulin sensitivity, skeletal muscle, 
mitochondria, and ROS

Mitochondrial state 3 respiration was positively associ-
ated with SIClamp in the entire cohort (r = 0.335, p < 0.05). 
(Figure 6a). However, when we dichotomized based on 
sex we found that this association occurred in women 
(r = 0.393, p < 0.05) (Figure 6b) but not men (r = 0.171, 
p  =  0.447) (Figure 6c). Additionally, the RCR was posi-
tively associated with St 3 (r  =  0.408, p  <  0.05), St 4 
(r = 0.471, p < 0.05), and rotenone (r = 0.532, p < 0.01) 
H2O2. No significant associations were observed between 
SIClamp, and myofiber type or H2O2 emission.

3.5  |  Insulin sensitivity 
ANCOVA analyses

There continued to be a significant effect of race on SIClamp 
after controlling for % type I myofiber composition, F (1, 
36  =  15.79, p  <  0.001). Additionally, given that H2O2 

F I G U R E  1   Differences in insulin sensitivity based on race 
and sex. Main effects of race (p < 0.01) and sex (p < 0.01) were 
observed. No race x sex interactions were observed. SI clamp was 
significantly greater in CA compared to AA (p < 0.01), and SI clamp 
was significantly greater in women compared to men (p < 0.01) 
(N = 30)
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F I G U R E  2   Differences in skeletal muscle myofiber 
composition based on race and sex. Type I myofiber composition 
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F I G U R E  3   Differences in skeletal muscle mitochondrial 
respiration based on race and sex. (a) State 3 and State 4 respiration 
supported by pyruvate, malate and succinate (PMS); (b) State 3 and 
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emission was higher in women compared to men, we per-
formed a one-way ANCOVA analyses dichotomized by sex 
to determine if there were differences in SIClamp within sex 
while controlling for H2O2 emission. Race differences in 
SIClamp in both men, F (1, 11 = 7.48, p < 0.05) and women, 
F (1, 17 = 4.744, p < 0.05) persisted after controlling for 
H2O2 emission.

4   |   DISCUSSION

The primary goal of this study was to determine if lower in-
sulin sensitivity in AA would be explained by differences in 
mitochondrial function, skeletal muscle myofiber composi-
tion, or mitochondrial reactive oxygen species production 
(H2O2 emission). Although proportion of type I fibers was 
lower in AA, we found no race differences in skeletal mus-
cle mitochondrial respiratory rates, coupling efficiency, 

or skeletal muscle H2O2 production. Further, inclusion of 
these variables in statistical models for insulin sensitivity 
did not alter the independent effect of race. Thus, present 

F I G U R E  4   Differences in skeletal 
muscle mitochondrial H2O2 production 
based on race and sex. H2O2 emission 
during State 3 and State 4 respiration 
supported by malate, pyruvate, and 
succinate was significantly higher in 
women compared to men **(p < 0.05). No 
race differences were observed
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F I G U R E  6   Mitochondrial State 3 respiration (PMS) was 
positively correlated with SIClampLean mass in the entire cohort 
(r=0.335, p < 0.05) (a). However when dichotomized based on sex 
we found that this correlation only occurred in women (r=0.393, 
p < 0.05) (b) not men (r=0.171, p =0.447) (c)
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results do not support a role for mitochondrial function or 
fiber type in determining lower insulin sensitivity in AA.

To date, data are inconclusive regarding factors that 
may increase the risk of insulin resistance and T2D in AA 
compared to CA. Insulin resistance in AA compared to 
CA, at least in lean women, is specific to skeletal muscle; 
that is, race differences in hepatic insulin sensitivity are 
not observed (DeLany et al., 2014). Further, statistical ad-
justment for skeletal muscle volume and lipid infiltration 
explains lower whole-body insulin sensitivity in AA ver-
sus CA women (Albu et al., 2005). It has been postulated 
that some aspect of muscle quality or composition in AA, 
such as lower mitochondrial oxidative capacity or lower 
type I fiber proportion, may explain these differences. 
Although a previous investigation demonstrated lower 
mitochondrial oxidative capacity in lean (normal-weight) 
AA women compared to lean CA women (DeLany et al., 
2014), we did not observe this race difference. While we 
can only speculate regarding the reason for the difference 
in results, it is important to point out that our study in-
cluded men and women as well as lean and obese indi-
viduals, whereas the earlier study (DeLany et al., 2014) 
included only lean women. It is possible that differences 
in adiposity levels or sex may explain these discrepant 
findings. We have previously demonstrated that mito-
chondrial oxidative capacity is positively associated with 
adiposity (Fisher et al., 2017); thus it is possible that differ-
ences in the body composition of study participants con-
tributed to the different results between studies.

Muscle fiber type distribution, specifically lower per-
centage of type I myofiber in AA, has been hypothesized to 
be a primary inherent factor in AA that predispose them to 
insulin resistance and T2D (Nielsen & Christensen, 2011). 
The rationale for this hypothesis is that the greater oxi-
dation of lipid fuel by type I relative to type II fibers may 
limit accumulation of specific lipid species in the myocyte 
that could impair insulin signaling. Both extramyocellular 
lipid (Lawrence et al., 2011) and inter-muscular adipose 
tissue (Gallagher et al., 2005) are higher in AA relative to 
CA. We (Fisher et al., 2017) and others (Kriketos et al., 
1996; Stuart et al., 2013) have found a positive association 
between type I myofiber percent and insulin sensitivity, 
similar to the trend that was observed in the present study 
(p  =  0.08). Additionally, we found a significantly lower 
type I myofiber percentage in AA compared to CA in this 
study; however this did not explain the race differences in 
insulin sensitivity. Therefore, although there were differ-
ences between type I myofiber composition between AA 
and CA, the observed racial disparity in insulin sensitivity 
does not appear to be due to these differences.

We also wanted to determine if sex affected asso-
ciations between mitochondrial function and insulin 
sensitivity. While we did not observe sex differences in 

mitochondrial respiration between men and women, 
similar to an earlier study (DeLany et al., 2014), we found 
that insulin sensitivity was positively associated with mi-
tochondrial respiratory rates in all women combined. In 
contrast, mitochondrial respiration was not associated 
with insulin sensitivity in men. While we cannot estab-
lish causality from these data, these observations suggest 
that insulin sensitivity may be more closely linked to 
mitochondrial function in women than in men. We also 
found greater skeletal muscle H2O2 production in women 
compared to men. Indeed, higher circulating markers 
of oxidative stress have been observed in women when 
compared to men (Brunelli et al., 2014). Results from 
the present study suggest that mitochondrial production 
of ROS may be inherently higher in women than men. 
However, given that women have higher insulin sensi-
tivity than men, there may not be a direct connection be-
tween H2O2 production and insulin sensitivity. It is also 
possible that greater H2O2 production is associated with 
greater insulin sensitivity as a recent study in rodents 
found insulin resistance to be associated with lower 
H2O2 production (McMurray et al., 2019). Thus, further 
research is warranted to determine the link between ROS 
production and insulin sensitivity.

The role of mitochondrial function as a primary or 
secondary mediator of the onset of insulin resistance and 
T2D has received a great deal of attention during the past 
20 years; however, the relationship between mitochondrial 
function and insulin resistance remains controversial. 
There are a number of studies that have shown impaired 
mitochondrial function concurrently with reduced insulin 
sensitivity (Petersen et al., 2003; Short et al., 2005), how-
ever there is also evidence that changes in insulin sensi-
tivity and mitochondrial function are not associated (Lalia 
et al., 2016) and may occur independently of one another 
(Hancock et al., 2008; Toledo et al., 2008). Given the ob-
served sex differences in the present study, it is possible 
that equivocal findings found in previous studies could be 
due in part to confounding sex differences in the associa-
tion of mitochondrial function and insulin sensitivity.

Oxygen uptake during treadmill exercise has been 
shown to be lower in AA compared to CA in many pre-
vious investigations by our group (Hunter et al., 2011; 
McCarthy et al., 2006) and others (Weston et al., 2000), 
in which AA are more economical during exercise com-
pared to CA counterparts. In this study there was an 
overall mean difference in submaximal oxygen uptake 
between AA and C men and women however these dif-
ferences were not statistically significant. While there was 
not a significant difference in this subset, there was a sta-
tistically significant difference in the entire study cohort. 
We initially postulated that potential whole-  body ener-
getic differences would also be observed within skeletal 
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muscle mitochondria. However, we did not see any dif-
ferences in mitochondrial coupling efficiency or oxidative 
phosphorylation between AA and CA men and women. 
Additionally, there was no association between mitochon-
drial coupling efficiency and walking economy during ex-
ercise. The mitochondrial efficiency hypothesis postulates 
that genetic adaptations may occur when individuals are 
exposed to different global environments (Mishmar et al., 
2003). For example, when individuals are exposed to hot 
tropical climates, it would be more beneficial to generate 
ATP while minimizing heat production, whereas cold cli-
mates would favor more uncoupled ATP production and 
greater heat production. This logic has been proposed as 
a potential reason that individuals with European origins 
may have greater uncoupling. y(Fridlyand & Philipson, 
2006). However, a downside to having greater coupling 
efficiency may be excess ROS production, particularly 
under conditions of fuel excess. Our data support this idea 
as we found a positive correlation between the respiratory 
control ratio and skeletal muscle hydrogen peroxide pro-
duction. To our knowledge, differences in skeletal muscle 
mitochondrial coupling efficiency between AA and CA 
have not been shown. Thus, it remains to be determined if 
energetic efficiency within the mitochondria differs with 
race, and if it plays a role in T2D risk.

Strengths of this study include the use of a relatively 
large sample of lean, overweight and obese AA and 
CA men and women. Additionally, we assessed insu-
lin sensitivity using the reference standard euglycemic-
hyperinsulinemic clamp and assessed mitochondrial 
respiration using high-resolution respirometry in perme-
abilized muscle fiber combined with the assessment of 
H2O2 production. A primary limitation in this study is the 
cross-sectional nature of the study, which does not estab-
lish causality.

In conclusion, mitochondrial function was positively 
associated with insulin sensitivity in women but not men. 
Greater type I fiber percent in CA was not associated with 
insulin sensitivity or mitochondrial function. Neither 
mitochondrial respiratory rates, coupling efficiency, my-
ofiber composition, nor mitochondrial reactive oxygen 
species production explained lower insulin sensitivity in 
AA compared to CA. The source of lower skeletal muscle 
insulin sensitivity in AA remains unclear. Future research 
could focus on aspects of skeletal muscle composition, 
such as lipid species, and their association with insulin 
sensitivity in AA.
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